The effects of developing perinephritic hypertension (2-3 weeks) and a more stable period of perinephritic hypertension (-14 weeks) were examined on indexes of left ventricular (LV) diastolic function in conscious, chronically instrumented dogs. The complete period of diastole was studied using indexes of isovolumic relaxation (T-), early filling (LV +dD/dt), and stiffness (myocardial stiffness and chamber stress/diameter ratio). During developing hypertension, increased LV end-diastolic pressure, LV end-diastolic stress, peak filling rate, myocardial stiffness, and the stress/diameter ratio increased (p<0.05); the time constant x was not changed. These changes were associated with preserved baseline levels of coronary blood flow (radioactive microspheres) but an impaired coronary vasodilator response to adenosine. Acute administration of phenylephrine in the normotensive dogs caused increases in systolic and diastolic stress and resulted in increases in myocardial stiffness and in the stress/diameter ratio similar to values observed in developing hypertension. During stable hypertension, LV end-diastolic stress, peak filling rate, and both parameters of late-diastolic function (myocardial stiffness and stress/diameter ratio) returned toward control values, but the isovolumic relaxation time constant was increased. Quantitative histological evaluation revealed no increase in stainable connective tissue in dogs with stable hypertension compared with control dogs, and hydroxyproline concentration was not increased in the subendomyocardium, midmyocardium, or subepimyocardium of the dogs with chronic perinephritic hypertension. Thus, in developing hypertension, major alterations in diastolic function were observed that were not structurally related, since these changes 1) could be induced in normal dogs by increasing preload and afterload acutely with phenylephrine and 2) were improved during the ensuing stable period of hypertension. (Circulation Research 1991;68:555-567) 
In recent years, there has been increasing interest in diastolic properties of the heart during the development of systemic hypertension.1-3 Using a renovascular model of hypertension in rats, Capasso et a14 found a decrease in the velocity of relaxation in a papillary muscle preparation. Using isolated perfused hypertensive rat hearts, Alfaro et a15 found an impairment in negative left ventricular (LV) dP/dt. Several reports1'6 in humans studied by both echocardiographic and radionuclide techniques support the notion of impaired diastolic relaxation in ventricles with systolic pressure overload. In addition, using radionuclide studies, both Inouye et a12 and Smith et a17 have shown that patients with mild LV hypertrophy secondary to hypertension have a prolonged LV rapid filling phase. In clinical studies,1-3,8,9 the rapid filling phase of diastole has been examined more extensively because LV filling lends itself to analysis by noninvasive methods. Such studies have revealed depressed early LV filling in patients with mild hypertension, and it has been suggested that filling abnormalities may precede alterations in systolic function. However, those studies only examined early filling and failed to study alterations in late diastole. On the other hand, most studies that have focused on the passive diastolic properties of the myocardium in hypertension45 have been confined to late diastole and were conducted in rats or in isolated heart preparations. Little is known regarding the effects of the development of hypertension on both the early and late diastolic properties in the intact, conscious animal.
The major goals of the present investigation were to determine if alterations in either early or late diastolic function occur in developing hypertension and if they differ from those observed later during a more stable phase of hypertension, when wall stress has been normalized. Four groups of dogs were studied: 1) control, dogs studied before the induction of perinephritic hypertension; 2) developing hypertension, dogs from the control group studied early (2-4 weeks) in the development of perinephritic hypertension; 3) sham hypertension, a separate group of sham-operated dogs; and 4) stable hypertension, a separate group of dogs studied late (-14 weeks) in the development of perinephritic hypertension. By obtaining the experimental measurements on chronically instrumented dogs, we eliminated complicating factors due to the effects of anesthesia or recent surgery. 10 Since developing hypertension is characterized by increased LV systolic and diastolic wall stress," experiments were conducted to determine if the elevated stresses, per se, were responsible for the changes in diastolic function in developing hypertension as opposed to the associated hypertrophy. This was accomplished by increasing LV systolic and diastolic stresses acutely in normal dogs with infusion of phenylephrine. Finally, to determine if the changes in diastolic properties were associated with alterations in coronary blood flow and vascular resistance, myocardial blood flow was measured at baseline and in response to near maximal vasodila-tion12 with adenosine in the presence and absence of hypertension. To assess whether stable hypertension resulted in alterations in myocardial connective tissue, we conducted quantitative image analysis of histological sections and hydroxyproline determinations of endomyocardial, midmyocardial, and epimyocardial samples.
Materials and Methods
Many of the experimental measurements for diastolic dynamics used in this study were derived by computer-assisted signal processing from data collected in two prior studies that focused on systolic function in developing" and stable13 hypertension. Instrumentation Twenty-two mongrel dogs of either sex, weighing between 20 and 31 kg, were sedated with xylazine (2 mg/kg i.m.) and anesthetized using halothane anesthesia (1 vol%). With the use of sterile technique and through an incision in the left fifth intercostal space, Tygon catheters (Norton Plastics and Synthetic Division, Akron, Ohio) were implanted in the descending thoracic aorta and left atrium. In all dogs, piezoelectric ultrasonic dimension crystals were implanted on opposing anterior and posterior endocardial surfaces of the LV to measure the internal diameter and on opposing endocardial and epicardial surfaces in the same equatorial plane as the internal diameter crystals to measure wall thickness. The endocardial wallthickness crystal was implanted obliquely to avoid damage to the myocardium between the two wallthickness crystals. A solid-state miniature pressure transducer (Konigsberg Instruments, Inc., Pasadena, Calif.) was implanted in the apex to measure LV pressure in all dogs. The thoracotomy was closed, and the dogs were allowed to recover for 2-3 weeks. In one dog with stable hypertension, the LV diameter signal was not of sufficient quality for use. The dogs used in this study were maintained in accordance with the guidelines, Guide Aortic and left atrial pressures were sampled from chronically implanted catheters and measured with strain-gauge manometers (model P23 ID, Statham Instruments, Oxnard, Calif.), which were calibrated with a mercury manometer. LV pressure was measured using the solid-state miniature pressure gauge calibrated in vitro with a mercury manometer and in vivo using the left atrial and aortic catheters and Statham strain-gauge manometers. An ultrasonic dimension gauge was used to measure LV dimensions, as described previously.1'-'3 The dimension gauge generates a voltage linearly proportional to the transit time of ultrasonic impulses traveling at the velocity of 1.58 x 106 mm/sec between the crystals. At constant room temperature, the thermal drift of the instrument is minimal, that is, less than 0.02 mm in 6 hours. Any drift in the measurement system was eliminated during the experiment by periodic calibration accomplished by substituting impulses of known duration from a crystal-controlled pulse generator having a stability of 0.001%. The position of all transducers was confirmed at autopsy.
Regional myocardial blood flow was measured with isotopically labeled microspheres (15 ±2-,m diameter, New England Nuclear, Boston) in five sham-operated dogs, in seven dogs before and after developing hypertension, and in five dogs during stable hypertension. The radioactive label of the microspheres (`41Ce, 114In, 55Cr, 03Ru, 95Nb, or 46Sc) was chosen randomly. The microspheres were suspended in 0.01% Tween 80 solution (10% dextran), agitated by direct application of an ultrasonic probe to ensure dispersion of the microspheres, and placed in an ultrasonic bath for at least 30 minutes before injection. Before the microspheres were injected into the dogs, 0.7 ml Tween 80 dextran solution (without microspheres) was injected to determine if the diluent had an adverse effect on measurement of cardiac or systemic hemodynamics. One to two million microspheres, suspended in 10% dextran, were injected through the catheter implanted in the left atrium for determination of blood flow. A reference sample of arterial blood was withdrawn (7.75 ml/min) from a catheter inserted into the descending aorta. Reference sample withdrawal was initiated 15 seconds before microsphere injection and continued for approximately 90 seconds after the injection was completed (total withdrawal time was 120 seconds).
Model of Perinephritic Hypertension
After completion of control studies, perinephritic hypertension was induced in 11 mongrel dogs according to the method introduced by Page14 and used in our laboratory. 11, 13 The left kidney was wrapped loosely in a silk pouch through a left flank incision. Care was taken to avoid inadvertent stenosis of the renal artery. One week later, a contralateral nephrectomy was performed through a right flank incision. Technical limitations and morbidity precluded the study of these same dogs during the chronic phase of hypertension. Accordingly, a separate group of six dogs was made hypertensive initially by performing a simultaneous bilateral renal wrap, as described above, through a midline laparotomy. Subsequently, these dogs underwent chronic instrumentation at 10-14 weeks after developing hypertension, thereby avoiding the morbidity associated with chronic instrumentation over the prolonged period of hypertension. All surgical procedures were performed using sterile surgical techniques, and general anesthesia was induced by halothane (1 vol%). Eight dogs were prepared as sham-operated hypertensive controls; that is, the left kidney was dissected but not wrapped, and the right kidney was removed 1 week later; three of the dogs did not have LV instrumentation. In all groups, blood pressure was monitored on multiple occasions during the clinical evaluation of the dog to ensure the stability of the blood pressure during developing and stable hypertension, as well as in the normotensive and sham-operated state.
Protocol
For developing hypertension, the dogs were studied 2-3 weeks after instrumentation and again 2-4 weeks after nephrectomy. For stable hypertension, six additional dogs were made hypertensive initially and were instrumented later, 10-14 weeks after development of hypertension. Experiments were performed in a quiet laboratory, with the unsedated conscious dogs resting comfortably on the right side. All dogs were studied when they were healthy and had completely recovered from the effects of surgery. All dogs were vigorous and without signs of heart failure or infection.
To determine the effects of increased wall stress (preload and afterload) on indexes of LV diastolic function during developing hypertension, nine dogs were studied with graded doses of phenylephrine (1, 2, and 5 gg/kg/min) while in the normotensive stage and again 2-4 weeks after nephrectomy, during the developing stage of hypertension. Indexes of LV diastolic function could be compared in seven of the nine dogs at similar levels of loading conditions. The maximal coronary flow reserve was assessed by the intravenous administration of adenosine (4.7 ,umol/ kg/min) in five sham-operated dogs, in seven dogs both before and after developing hypertension, and measurements were performed, radioactive microspheres were injected for measurements of regional myocardial blood flow. Maximal coronary vasodila-tion12 was then achieved by the intravenous infusion of adenosine. After all the parameters measured had achieved a new steady-state level (after approximately 5 minutes of adenosine infusion), radioactive microspheres again were injected for measurement of regional myocardial blood flow during the maximal coronary vasodilation.
Blood Flow and Regional Resistance Calculation
Samples of myocardial tissue from the LV free walls were subdivided into transmural layers from epicardium to endocardium, weighed, and placed in a gamma counter (Canberra Industries, Inc., Meriden, Conn.) with appropriately selected energy windows. The raw counts were corrected for background and crossover and compared with the reference blood sample to obtain flow expressed in milliliters per minute per gram of tissue. Transmural myocardial blood flow was determined as the average flow across all layers of the myocardium. Transmural coronary resistance was calculated as the quotient of mean arterial pressure and transmural coronary flow; regional (endocardial and epicardial) resistance was calculated as the quotient of mean arterial pressure and respective regional flows. Endocardial/epicardial blood flow ratios were obtained by dividing blood flow of the endocardial layer by the epicardial layer. For the seven dogs studied before and after developing hypertension, the values for blood flow in the control state were corrected for "microsphere loss" due to the hypertrophic process by multiplying the flow values obtained by a factor of 1.23, which was the ratio of the LV weight/body weight of dogs during developing hypertension compared with LV weight/ body weight of sham-operated control dogs.
Hemodynamic Data Analysis
The data were recorded on a multichannel FM tape recorder (model 101, Honeywell, Denver) and on a direct-writing oscillograph (Mark 200, Gould-Brush, Cleveland, Ohio). A cardiotachometer (model 9857B, Beckman Instruments, Inc., Fullerton, Calif.), triggered by the LV pressure pulse, provided a continuous recording of heart rate. Continuous recordings of LV dP/dt and LV dD/dt were derived from LV pressure signals and from the internal diameter signals, respectively, using operational amplifiers, which were operated as differentiators and had a frequency response of 700 Hz. A triangular wave signal of known slope was substituted for the pressure and dimension signals to calibrate the differentiator directly. LV end-diastolic dimensions were measured immediately before the onset of the sharp upstroke of the positive dP/dt tracing. LV end-systolic dimensions were measured at the time of in five dogs with stable hypertension. After control maximum negative dP/dt. 
Indexes of Diastolic Function
Isovolumic relaxation. The time constant of relaxation ('r) was calculated by using a monoexponential model with asymptotic offset15 after ascertaining that a monoexponential decay applied. Phase-plane plots of LV -dP/dt versus LV pressure were used to ascertain that a linear relation applied during isovolumic relaxation. The consequent calculation of r was based on the following formula:
where LVP is the LV pressure measured during the isovolumic phase of relaxation from shortly after peak negative dP/dt to a pressure equal to enddiastolic pressure plus 5 mm Hg, A is the asymptotic relaxation pressure, (A+B) is the LV pressure at time t=0 during relaxation, and t is elapsed time during the isovolumic relaxation period. These parameters were calculated using a nonlinear, leastsquares regression routine available with the SPSS-PC statistical program (Statistical Program for the Social Sciences, Chicago).
Early LVfilling. LV +dD/dt, the peak velocity of internal diameter lengthening was used as an index of early filling916 and will be noted as peak filling rate. These derivatives were normalized for variations in LV diameter among dogs by dividing +dD/dt by the internal diameter at the point of maximum lengthening velocity and were expressed as (dD/dt)/D. Myocardial stiffness. Alterations in the rate and extent of LV relaxation may have a significant influence on the ensuing filling phase.1617 Therefore, to calculate passive myocardial stiffness over the entire filling period, we applied a recently developed method,15 which is based on the estimation of an active diastolic relaxation pressure. By subtracting this relaxation pressure from the measured pressure, throughout the filling period, the passive filling pressure ( Figure 1 ) is obtained, which is independent of active myocardial stresses and factors that influence them.15 A monoexponential model with asymptotic offset was used to estimate the passive filling pressure throughout the entire diastolic filling period15: p* =LVPm-Pr where P* is the passive filling pressure, LVPm is the measured LV pressure, and P, is the active myocardial relaxation pressure calculated by extending the monoexponential model into the diastolic filling period. After this calculation, the passive stiffness parameter, that is, the slope of the regression of passive diastolic filling pressure on wall thickness, was calculated. A simple linear model was the best fit for the data. These regressions were performed on data from the onset of filling in early diastole, through the peak of the A wave, and immediately before end diastole (Figure 1 ).
End-diastolic LV global circumferential wall stress was calculated using a cylindrical model: Stress= 1.36(PD/2h) where P is end-diastolic LV pressure, D is enddiastolic internal diameter, and h is end-diastolic wall thickness.
The LV end-diastolic stress/diameter ratio was assessed as an approximate measure of chamber stiffness, and the end-diastolic pressure-diameter relation was also plotted and used as an index of effective chamber stiffness. '8"19 Myocardial Connective Tissue Quantitative histopathologic evaluation and hydroxyproline determination were performed on two dogs with stable hypertension used in the functional studies, six additional dogs with stable hypertension, and eight control dogs. The two groups of dogs studied with stable hypertension exhibited similar increases in mean arterial pressure, which averaged 133+7 (n=2) and 135+10 (n=6) mm Hg. The dogs were anesthetized with sodium pentobarbital, a thoracotomy was performed, and the heart was perfused at 100 mm Hg through a large-bore cannula in the thoracic aorta with physiological saline to remove blood, followed by 2% phosphate-buffered glutaraldehyde to provide fixation. Preliminary studies in our laboratory as well as others20 have shown that fixation does not alter the results of hydroxyproline analysis by this method. Hearts were then sliced at approximately 1-cm intervals from apex to base, and the 60 W a-1 80. slices were photographed and radiographed to verify location of instruments. The atria and right ventricular free wall were separated from the left ventricle and septum, and the portions were weighed.
Three adjacent transmural sections of myocardium, one normal to the other two, were obtained from each of the following areas: interventricular septum, anterior wall, posterior wall, and lateral wall of the left ventricle. Samples were taken at the level of the tips of the papillary muscles. The long axisand short axis-aligned samples were embedded in paraffin, sectioned at a thickness of 5 ,um, and stained with hematoxylin and eosin, Gomori's aldehyde fuchsin trichrome, and picric acid sirius red. The third sample was used for hydroxyproline assay.
The eight ventricular samples were subjectively evaluated for evidence of increased connective tissue. One section each from the anterior, posterior, and lateral ventricular wall was quantitatively evaluated for connective tissue as previously described.21 The picric acid sirius red-stained sections from the three left ventricular samples were divided into transmural thirds and examined with a video analysis system (Image Technology Corp., Deer Park, N.Y.) using Normarski optics. Interference contrast was adjusted to provide maximum connective tissue contrast on the 256-Gy video system, and the level was adjusted to select the interstitial connective tissue. Percentage connective tissue in a 600x6O0-0.m2 field was calculated by the software for a minimum of 30 fields each for the endomyocardial, midmyocardial, and epimyocardial thirds of each section. The mean value for each region of each slide was calculated, and finally, a mean value was derived for each region for each dog.
Hydroxyproline analysis was done by the Woessner method. 22 Samples of endomyocardium, midmyocardium, and epimyocardium were trimmed from the LV and septal transmural sections; care was taken to avoid the endocardium or epicardium. Results from the four different areas were combined to obtain a mean for each transmural region and are expressed as micrograms hydroxyproline per milligram dry weight of sample.
Statistical Analysis
Statistical inferences23 were made using SPSS-PC and SAS-PC (SAS Institute Inc., Cary, N.C.). Comparisons between experimental groups were made using the analysis of variance (ANOVA) with Fisher's least significant difference method for resolving between-group differences. Control data from the sham-operated dogs (n=5) and baseline data from dogs studied during developing hypertension were combined after comparison between these two groups of untreated dogs by Student's t test showed no significant differences in baseline data. Comparisons within groups were made using a repeatedmeasures ANOVA with contrast analysis (SAS general linear model). The blood flow data were compared using Student's t test for groups when the data were normally distributed. Non-normally distributed data were compared using the Mann-Whitney U test. Since the relaxation time constant (r) and myocardial stiffness calculations result in slope information that can theoretically vary from zero to infinity, these data were analyzed as the reciprocal of 7 and myocardial stiffness. Data were considered significantly different at p<O0.05.
Results

Effects of Hypertension on Heart Weight
The postmortem heart weights in each of the study groups are included in Table 1 . In contrast to studies of systolic function,13 two additional dogs were studied during developing hypertension; one dog in the stable hypertension group was not analyzed because of inability to recover these data from magnetic tape. There were no differences in body weight among groups, but similar significant (p<0.05) increases were present in LV plus septum mass or body weight ratios in developing and stable hypertension. There were no differences in the right ventricular weights and the right ventricular weight/body weight ratio among the groups.
The magnitudes of the increases in LV systolic, diastolic, and mean arterial pressure are shown in Table 2 . The findings pertaining to LV systolic function are reported elsewhere.1""13
Effects of Hypertension on Baseline LV Diastolic Function
The effects of developing and stable hypertension on isovolumic relaxation, filling rate, myocardial passive stiffness, and the end-diastolic stress-diameter relation are shown in Figures 2, 3, 4 , and 5, respectively. The group averages for all the parameters are included in Table 2 .
During developing hypertension, increases in LV end-diastolic pressure (p<0.05) and LV end-diastolic stress (p<0.05) were observed ( Table 2) . Peak filling rate also increased (p<0.05), even when normalized for LV internal diameter (p<0.05) ( Table   3 ). The isovolumic relaxation time constant was increased, but not significantly ( Figure 2 ). However, passive myocardial stiffness was increased (p<0.05) in developing hypertension, along with the enddiastolic stress/diameter ratio. Figure 6 compares the diastolic portion of the pressure-diameter loop for a dog before and after developing hypertension and demonstrates the upward and leftward displacement of the curve in developing hypertension, consistent with impaired ventricular distensibility. Different responses were observed during stable hypertension. LV end-diastolic pressure, LV enddiastolic stress, and peak filling rate essentially returned to normal values. The isovolumic relaxation time constant remained significantly elevated from the control value (p<0.05). Both parameters 50 T i) B-25+ 0 of diastolic stiffness (myocardial stiffness and enddiastolic stress/diameter ratio) were no longer different from control.
Effects of Increased LV Systolic and Diastolic Wall
Stress in Normotensive Dogs
To determine the effects of the increased preload and afterload during developing hypertension on LV diastolic indexes, graded doses of phenylephrine were administered to normotensive dogs. The changes induced by phenylephrine on hemodynamics and LV systolic and diastolic function are included in Tables 3 and 4 . Phenylephrine increased LV enddiastolic and LV end-systolic stress, the myocardial relaxation time constant, myocardial stiffness, the end-diastolic stress/diameter ratio, and the peak filling rate. Figure 6 shows that phenylephrine administration diminished ventricular distensibility in developing hypertension, since at any given diameter, LV end-diastolic pressure was elevated from preinfusion levels.
By using graded doses of phenylephrine in dogs both before and after developing hypertension, comparable values for end-systolic and end-diastolic stress could be obtained in normotensive controls and in dogs with developing hypertension (Figure 7) . At similar levels of end-systolic and end-diastolic stress, there were no significant differences in any of the LV diastolic function indexes. Table 5 shows the alterations observed in regional myocardial blood flow during the course of perinephritic hypertension. The endocardial and epicardial blood flows per unit myocardial weight were not affected by hypertension. When maximal coronary dilation was induced with adenosine, coronary vascular resistance fell significantly in the control period and during developing and stable hypertension. However, minimum levels of coronary vascular resistance were significantly higher in both hypertensive groups compared with values in normotensive controls, but P 0.05 * ;S FIGURE 2. Bar graph showing isovolumic relaxation time constant (tau) in the three studied groups: control, dogs studied before the induction ofperinephritic hypertension; developing HTN, dogs from control group studied early (2-4 weeks) 
Myocardial Blood Flow
Quantitative Evaluation of Myocardial Connective Tissue
The LV pressure and weight of the dogs used for histopathologic evaluation were not different from those values in the dogs used for functional evaluation.
Histological evaluation of the sections revealed no differences between control and hypertensive dogs, except for rare small foci (0.5-1.5-mm diameter) of increased interstitial connective tissue or coalesced scars near the subendocardium in seven of the eight stable hypertensive dogs studied. These rare foci of fibrosis consisted of mature, densely stained collagenous connective tissue, without evidence of inflammatory cells, suggesting an age of at least several weeks. Subjectively, perivascular connective tissue did not appear increased in the hypertensive dogs compared with the normotensive controls.
Quantitative evaluation of connective tissue by video image analysis or by hydroxyproline assay revealed no differences between control and hypertensive dogs for any region (Figures 8 and 9 ). Discussion A previous paper from our laboratory1' demonstrated that the initial phase of perinephritic hypertension in conscious dogs is characterized by a modest increase in LV mass and mean arterial pressure and by augmented LV systolic function and endsystolic wall stress. During stable hypertension, while LV mass was not further increased from the level observed in the early stage, both systolic function and end-systolic wall stress returned toward prehypertensive values.13 These results would suggest that the stimulus to LV hypertrophy in this model relates to alterations in LV systolic and diastolic stress and that prolonged increases in arterial or LV systolic pressure alone could not further augment the hypertrophy, once wall stress was normalized. However, we cannot exclude neurohumoral factors such as catecholamines and angiotensin II, which have been implicated as stimuli to cardiac hypertrophy independently of their hemodynamic effects.24 In this regard, it is interesting to note that we have observed evidence of enhanced renin activity (authors' unpublished observations) in developing hypertension, which was normalized during the later stages of stable hypertension. The present study in conscious dogs addressed the effects of developing and stable hypertension on the diastolic properties of the LV and demonstrated significant changes in LV diastolic function during the course of perinephritic hypertension, from the initial phase of the process to a later phase, when the hypertension had stabilized and LV systolic and diastolic stresses had normalized. The developing phase of perinephritic hypertension was characterized by an increase in peak filling rate, a normal isovolumic relaxation time constant, and an increase in myocardial stiffness; during stable hypertension, the isovolumic relaxation time constant became modestly elevated, and both peak filling rate and myocardial stiffness indexes returned to normal.
There are several major differences between the present and prior studies. First, in the current investigation, we used chronically instrumented unanesthetized dogs and studied both the early, developmental phase of hypertension and a later, more stable phase. Second, we examined indexes of both early diastolic and late diastolic function, using data from the entire filling period to quantitate stiffness. In relation to this latter point, it is important to note that, whereas some experimental studies have examined the problem of diastolic function in hypertension in terms of early diastolic function4,5 or LV filling,2'3'6-9 no prior study has examined indexes encompassing all phases of diastole. Impairment of rapid filling, an index that involves both active and passive relaxation, has been demonstrated in most studies23,8 in patients with borderline hypertension, despite normal or even supranormal LV systolic function. A recent study9 in dogs with perinephritic hypertension observed no change in velocity of LV filling but a significant decrease in velocity of wall thinning. Although it is not clear how such a discrepancy between global LV relaxation and LV wall relaxation can be reconciled, it is important to note that the study by Douglas et a19 examined sedated animals with indirect measurements of LV dimensions. The present study used direct measurements of LV dimensions in conscious dogs and observed significant increases in velocity of LV lengthening during developing hypertension, which disappeared during the stable phase; at that time, the velocity of LV lengthening tended to be depressed, but not significantly. Although we did not directly measure the rate of LV filling, the changes in LV dD/dt and LV dD/dt/D can be interpreted as changes FIGURE 5 . Bar graph showing the end-diastolic (ED) stress/diameter ratio (ordinate) in the three groups studied: control, dogs studied before the induction of perinephritic hypertension; developing HTN, dogs from control group studied early (2) (3) (4) weeks) in the development ofperinephritic hypertension; stable HTN, separate group of dogs studied later (-14 weeks) in the development of perinephritic hypertension. The stress/diameter ratio increased (p<O.OS) in developing hypertension and retumed to control levels in stable hypertension. in preload and inotropic state, which are major determinants of LV filling.16"7 Indeed, given that heart rate did not change but stroke volume rose along with the enhanced preload, it is not surprising that the early filling rate was increased in order to increase end-diastolic volume during a comparable period of diastolic filling. However, during more chronic hypertension, when cardiac output and stroke volume are no longer elevated, LV filling rates may actually decrease, as has been observed by others. 2, 3 The third major difference between the results of the present and prior studies is that the major evidence for impaired diastolic function during the development of hypertension (i.e., enhanced myocardial stiffness and chamber stiffness demonstrated by data that encompass the entire phase of diastolic filling) can be explained by the increases in systolic and diastolic wall stresses that occurred during the development of hypertension. Similar increases in myocardial and chamber stiffness could be mimicked in our study by elevating preload and afterload acutely in normotensive dogs by infusing phenylephrine. When diastolic properties were compared at comparable levels of preload and afterload, there were no longer significant elevations in either myocardial or chamber stiffness. Thus, the increases in myocardial and chamber stiffness observed during the development of hypertension may have been consequent to the enhanced preload and afterload. In further support of this concept, values of myocardial and chamber stiffness returned to control levels during the more stable phase of hypertension, when alterations in LV systolic and diastolic stress were no longer apparent.
CONTROL
It was important to determine whether the changes in diastolic properties were secondary to the alterations in stress or to the concomitant alterations in coronary supply, or both. However, it is well recognized that an imbalance between 02 supply and demand, such as occurs during acute myocardial ischemia27-29 or during relative underperfusion of the hypertrophied heart during stress,18,21,29 may induce abnormal diastolic function. In this regard, it is interesting that impaired minimal transmural coronary resistance was observed in developing hypertension and was still present during the more stable phase of hypertension. Thus, the alterations in diastolic properties observed in developing hypertension were not attributable simply to impaired coronary vasodilator reserve.
Increased connective tissue in the myocardium of dogs with stable hypertension was not detected by the quantitative techniques used in this study. However, small foci of either discrete solid scars or interstitial collagen surrounding individual fibers were found in the subendomyocardium of seven of eight dogs evaluated histologically, suggesting an earlier effect of developing hemodynamic load on the myocardium. The failure to find significant increase in collagenous connective tissue in these dogs is in contrast to the studies of hypertension in the primate by Weber et al,30 in which a significant increase in hydroxyproline and morphometrically determined collagen was found by 4 weeks of hypertension, persisting through 88 weeks. In the rat with Goldblatt hypertension, Holubarsch et a131 found no significant increase in connective tissue either morphometrically or by hydroxyproline 4 weeks after clipping and only a slight increase after 8 weeks in spite of greater than 50% increase in LV weight. Furthermore, the sparse and focal nature of the few subendocardial lesions found in the present study precluded their detection by quantitative methods. Thus, the major mechanism responsible for altered diastolic abnormalities observed in developing hypertension is altered loading conditions. These abnormalities in diastolic function were no longer evident in the later, more stable phase of hypertension, when wall stress was normalized. Importantly, these abnormalities could be recreated in normotensive dogs exposed to acute increases in loading conditions by using phenylephrine to match the increased wall stress observed in developing hypertension. Prior studies in normotensive dogs have observed load dependence of the time constant of isovolumic relax-ation32,33 and rate of LV filling. 16, 17 In addition, previous clinical studies51 have shown that when Units are as follows: end-diastolic and end-systolic stress, millimeters ofmercury; tau (relaxation time constant), milliseconds; peak filling rate, millimeters per second; myocardial stiffness, millimeters of mercury. There were no significant differences for any parameters of diastolic function in developing hypertension when compared at similar levels of stress. diastolic stress levels are elevated, passive stiffnessstress relations are bilinear, with a greater stiffness constant at higher stresses.1'53435 However, no prior study in hypertension has elucidated the importance of altered loading conditions in the genesis of diastolic abnormalities. This concept is consistent with prior studies in an aorta-banded model of severe pressure-overload hypertrophy (i.e., when LV systolic and diastolic stresses were normalized by the hypertrophic process, LV myocardial stiffness values were not elevated)36 and is also consistent with more recent studies in pacing-induced cardiomyopathy and failure that point out the importance of loading conditions in determining diastolic function. In conclusion, major alterations in diastolic function were observed during the development of hypertension, which could be attributed to alterations in LV systolic and diastolic wall stresses. With more stable hypertension, myocardial and chamber stiffness normalized, and only the isovolumic relaxation time constant became modestly abnormal. This slight impairment in isovolumic relaxation may not have been due to alterations in cardiac muscle but due simply to hypertension, since increased LV systolic pressure can result in prolonged isovolumic relaxation (Table 4) diastolic function may precede alterations in systolic function in hypertension,8 since systolic function was not at all depressed.11,"3 It is also conceivable that with more prolonged hypertension, when the LV hypertrophy is more severe or if collagen content is enhanced, more severe alterations in LV diastolic function may materialize. Even with severe pressure overload LV hypertrophy due to aortic banding, major alterations in diastolic function were not apparent at rest and were only noted in response to stress, which also induced relative subendocardial ischemia.21 Thus, neither modest LV hypertrophy nor hypertension of moderate duration (14 weeks) alone are sufficient to induce major or irreversible alterations in diastolic function. An important corollary is that significant impairment in LV diastolic function indexes does not necessarily presage structural alterations in the myocardium.
